Introduction
Rheumatoid arthritis (RA) is a common human disease, with a prevalence of about 1%. The clinical presentation is heterogeneous, with a wide spectrum of age of onset, degree of joint involvement, and severity. Up to 90% of patients with aggressive synovitis have radiologic evidence of bone erosion within 2 years of diagnosis, despite treatment [1] . However, at the onset of symptoms, it is difficult to predict which patients will follow a more severe disease course. It is now highly desirable to identify such patients at an early stage in their disease evolution, because of the advent of biologic agents that have the potential not only to significantly improve symptoms and signs of disease in a high proportion of patients [2] , but also to arrest structural damage to joints [3] . At present, the economic burden of these new therapies is such that rationing of some sort is inevitable and it is therefore equally desirable to determine whether those patients receiving biologic therapies are responding adequately at an early stage of their treatment. 
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Chapter summary
Angiogenesis is a prominent feature of rheumatoid synovitis. Formation of new blood vessels permits a supply of nutrients and oxygen to the augmented inflammatory cell mass and so contributes to perpetuation of joint disease. Vascular endothelial growth factor (VEGF) is a potent endothelial cellspecific growth factor that is upregulated by proinflammatory cytokines and by hypoxia. Serum VEGF concentrations are elevated in rheumatoid arthritis (RA) and correlate with disease activity. Furthermore, serum VEGF measured at first presentation in RA is highly significantly correlated with radiographic progression of disease over the subsequent year. Power Doppler ultrasonography is a sensitive method for demonstrating the presence of blood flow in small vessels and there is a very close relation between the presence or absence of vascular flow signal on power Doppler imaging and the rate of early synovial enhancement on dynamic gadolinium-enhanced magnetic resonance imaging (MRI) of joints with RA. Images obtained by both dynamic enhanced MRI and power Doppler ultrasonography correlate with vascularity of synovial tissue as assessed histologically. In early RA, there is a striking association between joint erosions assessed on high-resolution ultrasonography and vascular signal in power Doppler mode. Collectively, these findings implicate vascular pannus in the erosive phase of disease and strongly suggest that proangiogenic molecules such as VEGF are targets for novel therapies in RA. Animal model data supports this concept. It seems likely that serological and imaging measures of vascularity in RA will become useful tools in the assessment of disease activity and response to therapy.
In health, angiogenesis -or growth of new blood vessels from pre-existing vasculature -occurs during growth and the female reproductive cycle. It is also a feature of tissue repair after injury and contributes to the pathogenesis of a number of disease states, including cancer, chronic gingivitis, diabetic retinopathy, and RA. Angiogenesis occurs as a coordinated process comprising proliferation and migration of endothelial cells, followed by the formation of capillary tubes, deposition of basement membrane, and proliferation and migration of pericytes and smooth muscle cells. Anastomoses are created and flow of blood is established. Vascular reorganisation follows, in a process requiring the regression of redundant vessels by apoptosis of endothelial cells [4] . In order to match function of the microvascular bed to local metabolic demand, the developing vessels begin to express vasoactive peptides and their receptors [5] .
Angiogenesis in the synovial membrane of patients with RA is considered by many investigators to be an important early step in pathogenesis of RA and in the perpetuation of disease [5, 6] . This chapter focuses on recent research findings arising from serologic and imaging measures of vascularity in RA. I discuss the role of vascular endothelial growth factor (VEGF), a marker of angiogenesis, in the pathophysiology of RA, and emerging evidence that serum VEGF concentrations correlate with disease activity and fall when synovitis is successfully suppressed by therapy. I will also discuss the potential of angiogenic markers, such as VEGF, to predict disease outcome. I review developments in imaging technologies that permit assessment of synovial vascularity and discuss their potential application in the evaluation of RA disease activity, prediction of disease progression, and monitoring of response to therapy. I examine the implications of these findings for our understanding of disease pathogenesis and consider the potential of VEGF and angiogenesis as a target for therapy.
Historical background: the role of VEGF in RA Angiogenesis, regulated by a complex set of inducers and inhibitors, arises when hypoxic, diseased, or injured tissues secrete proangiogenic molecules. Many endothelial growth factors have been demonstrated in RA synovium [6] [7] [8] and tenosynovium [9] . Of these, VEGF is the most endothelial-cell-specific factor characterised to date [10] [11] [12] . It also induces vascular permeability [13] . In RA synovium, VEGF expression is upregulated in macrophages and fibroblasts [14, 15] and we have demonstrated protein expression in synovial endothelial cells by immunohistochemistry [16] (Fig. 1) . Co-culture of activated monocytes or neutrophils from RA synovial fluids with unstimulated, semiconfluent RA fibroblast-like synoviocytes results in synergistic increases in the expression and secretion of bioactive VEGF [17] . Furthermore, this induction of VEGF is significantly inhibited by anti-integrin antibodies, a finding implying that VEGF expression in RA synovitis is regulated not only by proinflammatory cytokines, but also by the physical interaction of activated leukocytes and fibroblast-like synoviocytes [17] .
VEGF exists as several isoforms, generated by alternative splicing of VEGF mRNA. RT-PCR analysis shows the VEGF(121) isoform to be expressed constitutively in RA synovial tissues, whereas the VEGF(165) isoform is expressed in less than half the tissues examined [18, 19] . Microvascular density is significantly higher in RA synovial tissues expressing VEGF(165) [18] . The proportion of microvessels expressing CD31 that are activated, as assessed by a monoclonal antibody recognising the VEGF/KDR receptor complex, is significantly greater in RA than in osteoarthritis or normal synovial tissue [20] . VEGF receptor Flt-1 (VEGFR-1) protein is expressed on microvessels in close proximity to VEGF protein [19] and there is a close correlation between expression of isoform VEGF(165) and that of its receptors KDR (VEGFR-2) and neuropilin [18] .
In the case of inflammatory tissue, several interdependent processes promote angiogenesis. Shear stress on the endothelial wall as a result of increased blood flow may enhance angiogenesis, as may extravasated plasma proteins such as fibrinogen products. Similarly, inflammatory cells -including macrophages, lymphocytes, mast cells, and fibroblasts -and their proangiogenic soluble products promote angiogenesis. Many cytokines promoting inflammation, such as tumour necrosis factor (TNF)-α, IL-1, and IL-8 also have proangiogenic activity. Hypoxia, which is often a feature of inflammation, is a potent inducer of VEGF. Furthermore, hypoxic culture conditions greatly augment the rate of VEGF secretion from cultured synovial fibroblasts stimulated by IL-1 and transforming growth factor (TGF)-β [21] . Direct measurements confirm that the RA joint is a hypoxic environment [22] . Contributory factors include the high metabolic demands of Staining of rheumatoid synovium for vascular endothelial growth factor, showing expression of the factor in endothelial cells.
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inflamed synovial tissue and the rapid rate of synovial proliferation, such that cells become more distant from the closest blood vessels, compounding the hypoxic state [23] . Tissue hypoxia in the rheumatoid joint results in increased VEGF mRNA stability [24] and enhances VEGF gene transcription through the binding of hypoxiainducible transcription factors such as HIF-1 and HIF-2. Both of these factors are degraded within minutes of exposure to an oxygen tension > 3-5% but are stabilised under conditions of hypoxia (< 3% oxygen), then translocated to the nucleus, where they bind to hypoxia-responsive elements on hypoxia-inducible genes to upregulate their expression [25] . Thus, it is possible that the hypoxic environment in the rheumatoid joint, compounded by the high metabolic demands of synovial inflammation, promotes transcriptional changes permissive to perpetuation of synovitis.
Measuring VEGF in RA: relation to disease activity and response to therapy The source of VEGF in the serum is unclear. In vitro, human peripheral blood mononuclear cells have been shown to release VEGF in response to cytokines expressed in RA synovium, such as TNF-α [29] . Release of VEGF from platelets has also been reported [35] . Serum VEGF might therefore be derived from platelets, synovial-fluid neutrophils, inflamed synovial tissue, or other sources.
A number of groups have reported that VEGF concentrations are higher in the serum of RA patients than in healthy controls or patients with osteoarthritis [27, 33, [35] [36] [37] . Furthermore, serum VEGF concentrations correlate with individual and composite measures of RA disease activity, including acute phase markers and counts of swollen and tender joints [33, 36, 37] . In a study of patients attending my early clinics for inflammatory arthritis and established RA, serum VEGF concentrations were higher in patients with early RA than in patients with long-standing, treated RA [36] . This observation may represent a response to therapy, a view supported by studies in which serum VEGF concentrations have been measured before and after commencement of therapy [27, 35, 36] . In our series, a total of 27 early RA patients responsive to DMARD (disease-modifying antirheumatic drug) therapy exhibited a significant reduction in serum VEGF concentrations, in contrast to patients unresponsive to DMARD treatment, who showed no such significant change [36] . Treatment of RA patients with anti-TNF-α therapy results in marked reduction, but not normalisation, of serum VEGF concentrations [38] . The correlation of this reduction with changes in clinical and laboratory measures of disease activity suggests that the diminished vascular permeability consequent upon reduced VEGF concentrations contributes to the rapid decrease in counts of swollen joints observed after TNF blockade.
The significant reductions in serum VEGF concentrations following response to therapy in RA suggest that angiogenesis is an important process in perpetuating synovitis and raises the possibility that persistence of joint inflammation indicates an imbalance between inducers and inhibitors of angiogenesis. This concept is supported by the observation that concentrations of endostatin, an angiogenesis inhibitor, are not elevated in serum and synovial fluid samples from patients in whom serum VEGF is elevated [35] . Another naturally occurring inhibitor of angiogenesis is soluble Flt-1, a VEGF antagonist. Soluble Flt-1 (sFlt-1) is an alternatively spliced form of Flt-1, one of the tyrosine kinase receptors that mediate the action of VEGF [12, 39, 40] . We found that sFlt-1 is higher in groups with both early and long-standing RA than in controls, and that elevated sFlt-1 concentrations correlate with VEGF concentrations in serum of the same RA patients [36] . The raised concentrations of sFlt-1 observed in RA are presumably insufficient to inhibit VEGF activity. This finding is analogous to reports in RA of elevated concentrations of other proinflammatory cytokines and their naturally occurring inhibitors.
Can angiogenic markers predict disease outcome?
My colleagues and I have recently reported that serum VEGF concentrations at presentation with early RA correlate highly significantly with development of radiographic damage over the subsequent year [36] as assessed in radiographs of the hands and feet by the van der Heijde modification of Sharp's method [41] (Fig. 2) . We have also observed that RA patients with persistent disease activity despite conventional therapy have relatively high serum VEGF concentrations at first presentation. If confirmed in larger series, these observations would support the case for early introduction of a more aggressive therapeutic regime in patients with highly elevated serum VEGF concentrations early in their disease course. It might also be speculated that, in the future, serial serum measurements of angiogenic markers may help to determine whether vascular pannus, with its potential to cause cartilage and bone destruction, is adequately suppressed at any given stage of disease evolution.
Techniques for imaging synovial vasculature in RA
Blood flows at high velocity in large vessels and can be readily detected by conventional colour Doppler sonography, which encodes the mean Doppler frequency shift. However, at the microvascular level, which is of interest with respect to rheumatoid synovitis, blood flow is at lower velocities that are less readily detectable by conventional colour Doppler sonography. Power Doppler sonography, on the other hand, encodes the amplitude of the power spectral density of the Doppler signal and is a sensitive method for demonstrating the presence of blood flow in small vessels. Several recent studies have demonstrated that power Doppler ultrasound is capable of detecting inflammatory hyperaemia in RA synovitis [42] [43] [44] [45] [46] . Furthermore, the signal intensity on power Doppler imaging of synovitis in rheumatoid knee joints correlates well with the histologic assessment of synovial membrane microvascular density in tissue taken at arthroplasty from the previously imaged site [45] . Quantitative assessment of vascularised synovium in metacarpophalangeal joints of patients with RA, as demonstrated by power Doppler, has been reported to correlate with ESR [47] . However, in this cohort of RA patients in the established phase of disease (mean 7.6 years), there was no preponderance of blood flow near joint erosions. In contrast, in a cohort of 39 patients with early RA (disease duration < 3 years), we have observed a striking association between the presence of bone erosion in metacarpophalangeal joints and increased intra-articular blood flow at the site of bone damage [48] (Fig. 3) . This finding is consistent with the hypothesis that vascularity is associated with the active phase of erosive disease. Laser Doppler imaging of metacarpophalangeal joints in RA has also been reported to correlate with pain scores and synovitis detected on grey-scale high-resolution ultrasound [49] . As disease in many patients with RA continues to progress in spite of suppression of clinically evident synovitis, these noninvasive tools will enhance our ability to detect active vascularised synovium and may also therefore influence the use of DMARD and biologic therapies in such patients.
We have investigated the capability of power Doppler and high-resolution ultrasound imaging to discriminate between patients receiving infliximab or placebo infusions added to pre-existing methotrexate treatment over the first 18 weeks of therapy in a clinical trial [50] . Median reduction in synovial thickness as assessed by high-resolution ultrasound was 50% in the infliximab group, versus an increase of 1.2% in the placebo group (P = 0.014). Similarly, median color Doppler area diminished by 98.4% in the infliximab group, versus a reduction of only 30.7% in the placebo group, a statistically significant difference (P = 0.017). The total number of vascularised erosions decreased by a median of 1.0 in the infliximab group, whereas there was no change from baseline in the placebo group (P = 0.001). In this study, ultrasonographic measures of joint vascularity were better able to discriminate between patients receiving infliximab and those receiving placebo infusions than were changes in DAS28, a composite measure of disease activity.
It has recently been shown that there is a very close relation between the presence or absence of vascular flow Combined high-resolution ultrasound and power Doppler imaging of a metacarpophalangeal joint in RA, seen in longitudinal section. The red colouring represents vascular signal and the arrow indicates a vascularised erosion. S103 signal on power Doppler imaging and the rate of early synovial enhancement on dynamic gadolinium-enhanced magnetic resonance imaging (MRI) of RA metacarpophalangeal joints [51] . The ability to distinguish between RA joint effusion and synovial proliferation using MRI has been greatly improved by the introduction of paramagnetic contrast agents. The early, post-gadolinium synovial membrane enhancement in RA joints, determined by dynamic MRI, is considered to reflect synovial perfusion and permeability [52] [53] [54] . Histopathologic analyses of synovial tissue samples obtained from arthrotomy or arthroscopic or blind biopsies from knee joints after dynamic MRI imaging indicate that vascular density and blood-vessel fractional area correlate significantly with the early enhancement rate of synovial membrane [54, 55] . Dynamic MRI with a gadolinium-based blood-pool agent has been employed as a technique for measurement of abnormal capillary permeability in synovial tissue of arthritic knees in rabbits [56] . MRI-derived microvascular characteristics comprising plasma volume, fractional leak rate, and permeability-surface area product correlated positively with histologic findings.
A novel approach to detecting angiogenesis in vivo using MRI has been described in a tumour model in rabbits. This technique, using a paramagnetic contrast agent targeted to endothelial αVβ3, an integrin expressed on new blood vessels, by linkage to a monoclonal antibody, successfully provided enhanced and detailed images of rabbit carcinomas and, furthermore, disclosed angiogenic 'hot spots' not visible by standard MRI [57] .
Another approach to imaging RA synovial vasculature, which has the disadvantage, relative to the previously described methodologies, that it exposes patients to ionising radiation, is the use of radiolabelled peptides that bind endothelium. For example, a radiolabelled F(ab)2 (antigenbinding fragment) of a monoclonal antibody that recognises an epitope of E-selectin has been successfully used to image RA synovium [58] and a radiolabelled E-selectin binding peptide has been used to image activated synovial endothelium in rat adjuvant arthritis [59] . This is a particularly attractive endothelial adhesion molecule to target, because it is not constitutively expressed but instead is synthesised de novo in response to proinflammatory cytokines and expressed on the luminal surface of the endothelium, where it is readily accessible to circulating radioligands [60] . Furthermore, the monoclonal antibody is internalised as a result of receptor recycling, with very little shedding into the general circulation. Nonetheless, positive images of activated endothelium obtained with specific proteins and peptides will inevitably include a component due to nonspecific uptake [61] . Neovascular antigens in inflammatory tissue are other potentially useful targets. Although neovascularisation may be nonspecifically imaged with technetium-labelled isonitriles [62], targeting epitopes associated with αV integrins, which are specific to new blood vessels [63, 64] , is a more attractive goal.
Relevance to the understanding of pathogenesis
An inflamed synovium is central to the pathophysiology of RA. Histologically, RA synovitis is characterised by a mononuclear cell infiltrate and luxuriant vasculature [65] . Furthermore, the disease activity in a given joint is correlated with the synovial vascularisation [66, 67] . Angiogenesis can be evident on microscopic examination of synovial biopsies from the earliest stages of disease evolution [68] and is observed as a fine network of vessels over the rheumatoid synovium at arthroscopic inspection of RA joints. Angiogenesis is integral to the development of inflammatory pannus, and without it, leukocyte ingress could not occur. Furthermore, formation of new blood vessels permits a supply of nutrients and oxygen to the augmented inflammatory cell mass and so contributes to the perpetuation of synovitis. Studies in experimental models of arthritis suggest that destruction of bone and cartilage may be more closely linked to angiogenesis than to pannus swelling [69, 70] . In patients with early RA, my colleagues and I have observed a striking association between the presence of bone erosion on high-resolution ultrasound imaging of metacarpophalangeal joints and increased intra-articular blood flow in power Doppler mode imaging at the site of bone damage [48] These findings implicate vascular pannus in joint destruction in early RA and strongly support the contention that angiogenesis is a potential target for therapy in this disease.
VEGF and angiogenesis as a target for therapy
It is interesting to note that many of the anti-rheumatic drugs used in clinical practice have an effect on the vasculature. Anti-rheumatic drugs including gold, bucillamine, methotrexate, and corticosteroids inhibit production of VEGF by cultured synoviocytes [35] . Methotrexate, at concentrations equivalent to those attained in the serum of RA patients treated with this drug, inhibits basal and stimulated endothelial proliferation in vitro [71] . Thiol-containing and gold compounds may modulate neovascularisation indirectly by inhibiting production of monocyte/macrophagederived angiogenic factors [72, 73] . Cyclosporin A is known to inhibit activity of transcription factors of the nuclear factor of activated T-cells family. In addition, cyclosporin A has recently been shown to inhibit migration of primary endothelial cells and angiogenesis induced by VEGF, a novel mechanism that may account for some of the therapeutic activity of this drug in RA [74] . The effect appears to be mediated through inhibition of cyclooxygenase-2, the transcription of which is activated by VEGF in primary endothelial cells. Diminished vascular permeability consequent upon a reduction in VEGF is thought to be a factor contributing to the rapid reduction of joint swelling observed after anti-TNFα therapy [38] . We have shown that TNF blockade is also accompanied by reduced synovial angiogenesis as assessed by immunohistologic analysis of microvascular density and expression of αVβ3 integrin in synovial biopsy tissue taken before and 4 weeks after a single 10-mg/kg infliximab infusion [16] .
Given the evidence discussed so far, there are strong grounds on which to suggest that targeting the newly formed vasculature of the RA pannus might modify disease progression. Identification of new molecular targets for immunotherapeutic intervention in RA ideally requires evidence of synovial tissue expression of the molecule at relevant sites, in vitro evaluation of its biologic function, and preclinical studies demonstrating clinical efficacy in experimental models [75] . I have already discussed the first two of these three requirements in considering angiogenesis, and molecules that promote it such as VEGF, as targets for therapy in RA. However, the third requirement, demonstration of clinical efficacy in experimental models, would perhaps represent the most convincing evidence in support of anti-angiogenic strategies in the treatment of human disease.
In collagen-induced arthritis in rats, administration of the anti-angiogenic agent AGM-1470 attenuates the clinical severity of established disease, with reduction in serum concentrations of VEGF [76] and histologic evidence of marked inhibition of pannus formation and neovascularisation [77, 78] . In murine collagen-induced arthritis, expression of biologically active VEGF was along a time course that paralleled the expression of VEGFR-1 and VEGFR-2 [79] . Furthermore, in this model, concentrations of VEGF expression correlated with clinical severity of disease and degree of neovascularisation. Administration of anti-VEGF antiserum before the onset of disease significantly delayed the development and severity of arthritis, whereas administration after disease onset had no effect on the progression or ultimate severity of the disease [79] . In another study employing the murine collagen-induced arthritis model, saline, normal rabbit immunoglobulin, or rabbit polyclonal anti-human VEGF(121) antibodies were administered to mice either before or after the onset of clinical disease [80] . Treatment with anti-VEGF antibodies before disease onset significantly delayed the development of arthritis and attenuated the severity of disease expression, although the frequency of the occurrence of disease did not differ from that in either control group. In this study, improvement in clinical and histological parameters of arthritis was observed even when anti-VEGF was administered after the onset of disease. Another approach to VEGF blockade in murine collagen-induced arthritis has been to administer exogenous sFlt-1 linked to polyethylene glycol (sFlt-PEG) to increase its in vivo half-life. In this model, daily intraperitoneal administration of this treatment from the first day of clinical arthritis was reported to ameliorate the severity of clinical disease expression and of bone and cartilage destruction on histopathological assessment [81] .
Other anti-angiogenic agents successfully used in preclinical animal studies include the fungal derivative TNP-470 and specific antagonists of αVβ3. In a transgenic rodent model of inflammatory arthritis, administration of TNP-470 attenuated development of arthritis and alleviated clinical signs if administered at the early stages of clinical disease. Clinical improvement was associated with reduced cartilage and bone destruction [82] . There are preclinical in vivo data showing that selective targeting of new blood vessels may result in modification of disease. Intra-articular injections of specific antagonists of αVβ3 resulted in reduced synovial vascularity in rabbits after induction of arthritis with joint injections of a combination of ovalbumin and basic fibroblast growth factor. Diminished synovial vascularity was associated with a significant decrease in all arthritic parameters, including joint swelling and synovitis. Of note, the beneficial effects of angiogenesis inhibition were apparent in the established phase of disease [70] . Similarly, symptoms of adjuvant-induced arthritis in rats are significantly reduced by prophylactic or therapeutic administration of an orally active αVβ3 antagonist, with significant improvements in joint integrity seen on MRI [83] .
What does the future hold in angiogenesis modulation and imaging of vasculature?
Given the central role played by angiogenesis and VEGF in arthritic disease, it might be predicted that suppression of angiogenesis and/or VEGF activity will be an effective treatment strategy in RA. However, it is possible that such an approach will be limited by toxicities related to inhibition of physiological processes involving VEGF-mediated angiogenesis. Examples include wound healing, the female reproductive cycle, and maintenance of cardiovascular health. Data arising from ongoing clinical trials of anti-angiogenic agents in the treatment of cancers should give valuable insight as to whether these theoretical concerns are well founded or not.
Studies evaluating new imaging technologies suggest that clinical joint examination and plain radiography are relatively insensitive [84] and may thus be insufficient measures for use in future clinical trials designed to assess reduction in symptoms and signs of rheumatoid disease as well as retardation of structural damage to joints. In a double-blind study in early RA in which patients received either infliximab or placebo infusions added to pre-existing, stable methotrexate therapy, my colleagues and I have recently shown that measurement of changes in serum VEGF concentration and ultrasonographic assessments of changes in synovial vascularity are able to discriminate between patients receiving either infliximab or placebo infusions [50] . We have also reported that the serum VEGF concentration at first presentation in early RA signif-icantly correlates with radiological progression over the following year [36] . These findings predict that imaging technologies capable of evaluating synovial vascularity will have a practical value in determining prognosis and in assessment of response to therapy. Of the technologies discussed in this chapter, ultrasonographic imaging methods have the advantage that they are noninvasive, involve no ionising radiation, and are both more widely available and more economical than MRI. Furthermore, rheumatologists can be trained to undertake ultrasonographic imaging, thus obviating the delay incurred in referral to a radiologist.
Concluding remarks
VEGF concentrations are elevated in the serum of patients with RA and correlate with individual and composite measures of the disease activity. Sensitive, noninvasive methods for visualising synovial vascularisation in RA, such as power Doppler sonography, are emerging as clinically important tools in the assessment of disease activity and hold promise as novel means of evaluating the response of patients to therapy. As arresting structural damage to joints becomes a realistic goal in the management of RA, vascular imaging and serologic markers may be more sensitive than disease activity scores in determining at an early stage of treatment which patients are responding satisfactorily.
Glossary of terms
Flt-1 = fms-like tyrosine kinase receptor-1, or VEGF receptor-1 (VEGFR-1); KDR = kinase-insert-domain-containing receptor, or VEGF receptor-2 (VEGFR-2); sFlt-1 = soluble Flt-1; VEGFR = vascular endothelial growth factor receptor.
